INTRODUCTION
Iron is a remarkable chemical element, with a very high abundance in the continental crust (Taylor, 1964) but extremely low concentrations in modern oxygenated seawater (Gordon et al., 1982; Landing and Bruland, 1987; Saager et al., 1989; Martin et al., 1989 Martin et al., , 1990a Martin et al., , 1993 . The primordial ocean, under an oxygen-free atmosphere, likely had very high concentrations of reduced dissolved Fe(II), readily available for incorporation in biota during the first stages of biological evolution (Staley and Orians, 1992) . This has led to Fe having several key functions in all known modern biota. For example the similar high availability of dissolved sulphide S(I1) in the ancient oceans, now appears to be consistent with the ubiquity of the Fe-S-rich ferredoxin in all biological systems (Wachtershauser, (Waite et al., 1995) . Continental inputs of Fe into the oceans occur via fluvial (Martin and Meybeck, 1979 ) and atmospheric pathways (Hodge et al., 1978; Prospero, 1981; Moore et al, 1984; Duce, 1986; Martin and Gordon, 1988; Duce and Tindale, 1991; Duce et al., 1991; Zhuang et al., 1992) , while ice-rafting plays a role in polar regions (Martin et al., 1990a; Nolting et al., 1991; Westerlund and ehman, 1991) . However, most of this land-derived material is highly refractory and remains in the particulate form with little alteration, eventually depositing in deep sea sediments, e.g. the aeolian red clay sediments of the central gyres. Also, the rather high dissolved Fe in river waters largely flocculates out in estuaries (Sholkovitz, 1978) . Apart from continental input, dissolved Fe(I1) diffuses out of reducing marine sediments (Kremling and Peterson, 1978; Murray and Gill, 1978; Froelich et al., 1979) . This, in combination with resuspension of particulate Fe contributes to the existence of nepheloid layers (Symes and Kester, 1985; Hong and Kester, 1986) . Hydrothermal input discharging at the ridge axis is the major source for Fe and other metals in metalliferous sediments depositing on Mid-Ocean Ridges (Heath and Dymond, 1977; Rona et al., 1984; von Damm et al., 1985a,b; Hudson et al., 1986; Thompson et al., 1988) . Obviously the overall input of
dissolved Fe into open ocean waters is extremely low, most notably in the Antarctic Ocean where the aeolian and riverine input are smallest. From thermodynamic considerations (Stumm and Morgan, 1981; Byrne et al., 1988) dissolved Fe is expected to become oxidised into insoluble oxyhydroxides in oxygenated seawater. Hence Fe and other redox metals (e.g. Mn, Ce, Co) may disappear rapidly by oxidative scavenging.
However, in oligotrophic oceanic regions with an extremely low abundance of biogenic particles, the residence time of dissolved Fe still may be significant. Most of the dissolved Fe, i.e. that fraction that passes through a filter with 0.2 or 0.4 pm pore size, may well be present as colloids (Wells and Mayer, 1991) . Obviously iron exists in a variety of physicochemical forms, where filtration serves only as an operationally defined cut-off in the continuum from true solution to real particles (Wells et al., 1995) . Even for the truly dissolved phase, it has been estimated that more than 99% of the Fe may be bound to natural organic complexing ligands (van den Berg, 1995; Rue and Bruland, 1995) . This would greatly affect the assimilation rate by phytoplankton. In the current study, neither colloids nor dissolved organic moieties have been assessed. The measured dissolved Fe, as defined by the 0.4 pm nominal pore size of membrane filters, is taken to be the relevant variable for biological processes.
Iron is an essential element for phytoplankton growth, hence overall oceanic productivity.
It is a key element in the respiratory electron transport chains (Raven, 1988) and is essential in the synthesis route of chlorophyll (Chereskin and Castelfranco, 1982) . It is also required for the reduction of nitrate and nitrite (Timmermans et al., 1994; van Leeuwe et al., 1997; de Baar et al., 1997) needed for the production of amino acids for incorporation into proteins. With respect to the Antarctic Ocean, it has been suggested that the growth of plankton might be limited due to a low input of Fe into surface waters (Gran, 1931; Martin and Fitzwater, 1988; de Baar, 1994) . This would be one explanation for the "Antarctic paradox", that is, why the ocean around Antarctica has such high concentrations of the major nutrients nitrate, phosphate and silicate, but nevertheless low primary production.
Several factors conceivably limiting algal growth have been hypothesised (Cullen, 1991; Lancelot et al., 1993) , of which the most important are:
-light limitation of phytoplankton growth because of the great mixing depth, low insolation during winter, sea-ice cover and cloud cover (Cullen et al., 1992) ; -grazing control as a loss term of the plankton (Walsh, 1976; Wheeler and Kokkinakis, 1990; Frost, 1991) and -limiting concentrations of Fe (Gran, 1931; Martin et al., 1990a,b; Martin, 1991 Martin, ,1992 .
Although these explanations have sometimes been regarded as alternatives, it is obvious that different factors always act simultaneously (Hart, 1934 (Hart, ,1942 de Baar et al., 1989 de Baar et al., , 1990 de Baar, 1994) , albeit differently for separate parts of the algal size-spectrum, also in relation to size and succession of zooplankton grazers (Buma et al., 1991; Riegman et al., 1993) . At present, it appears that light limitation, combined with intense grazing, controls the biomass of small algae, which by predominantly growing on recycled ammonia would have an approximately 40% lower cellular iron requirement (Raven, 1990) . Obviously the success of large algae is just as well affected by light conditions, but the low availability of Fe appears to pose severe restrictions as well on the growth rate and biomass of the larger phytoplankton species, such as large diatoms. This is partly due to the role of Fe in nitrate-and nitrite-reductase (Price et al., 1994; Timmermans et al., 1994) . Moreover, diffusion limitation generally restricts Fe-uptake by larger phytoplankton, which have a lower surface-to-volume ratio for diffusive transport rate versus rate of growth (Morel et al., 1991; Hudson and Morel, 1993; Kiorboe, 1993) .
Surface waters of the equatorial Pacific Ocean and the subArctic Pacific and Atlantic Oceans also exhibit appreciable concentrations of major nutrients nitrate, phosphate and silicate, albeit not nearly as high as in the Antarctic Ocean. These so-called High Nutrient, Low Chlorophyll (HNLC) regions contrast the central gyres of the temperate oceans, where depletion of major nutrients is common, and appear consistent with a generally very low biological productivity. The open waters of the Southern Ocean largely exhibit similar low productivity, i.e. are just as oligotrophic, but local "pulse areas" of enhanced productivity do exist (Holm-Hansen et al., 1977; Sakshaug and Holm-Hansen, 1984; Heywood and Priddle, 1987; Smith and Sakshaug, 1990; Perisinotto et al., 1992; Sullivan et al., 1993) . The location and season of such natural pulse areas may provide more insight into the production-limiting factors.
In the northeast Pacific and North Atlantic Oceans (Martin et al., 1989 (Martin et al., , 1993 , the very similar shape of vertical profiles of Fe and major nutrients, at first glance, suggests that Fe is strongly involved in the biological cycle, with presumably a fairly constant proportion of the major elements N, P and Si. However, these reported deep Fe concentrations are uniform at about 0.6 nM in both oceans, in contrast with the increasing concentrations of the nutrients and recycled trace metals (Cd, Zn, Cu, Ni), with increasing age of the deep Atlantic to deep Pacific waters (Boyle et al., , 1977 (Boyle et al., , 1981 Sclater et al., 1976; Bruland et al., 1978a,b; Moore, 1978; Bruland, 1980; Bruland and Franks, 1983; Saager et al., 1992; . Various other data-sets also suggest any relation between dissolved Fe and plant nutrients (Symes and Kester, 1985; Landing and Bruland, 1987; Saager et al., 1989; Nolting et al., 1991) to be far from straightforward. Apparently, different water masses in various oceans have very different iron distributions due to different circulation and biogeochemistry. Most notably, the distribution of Fe within the ocean interior is dominated by redox-processes (Landing and Bruland, 1987; Saager et al., 1989) and particle reactive scavenging (Balistrieri et al., 1981) as alluded to by Symes and Kester (1985) : "However, since iron is chemically more reactive, one would expect the factors controlling the iron distribution to be more complex than those associated with silicate". In the Southern Ocean the major nutrients are not completely depleted in surface waters. Hence, there is no a priori expectation of a correlation between dissolved Fe and the major nutrients.
Currently, reliable data sets of dissolved Fe are scarce. Contamination during sampling and extraction is still a critical problem for investigating the distribution of Fe in seawater.
In austral spring (October/November 1992), samples were collected to observe the distributions of dissolved as well as total Fe in surface (~400 m) and deep waters of the Antarctic Circumpolar Current (ACC) at station sites at each full degree latitude, along a -1000 km line at the 6"W meridian.
In addition, particulate material was collected in surface waters by filtration.
Samples of sea-ice, surface snow and brine were collected in order to assess their potential Fe contribution to the surface water during melting. Deep waters were sampled, not only for the sake of determining the deep Fe distributions in the ACC, but also to allow assessment of upward transport in this largest upwelling system of the world ocean.
Upon a brief description of the hydrography, the concentrations of dissolved and total Fe in surface and deep waters of the ACC are reported, with a special emphasis on the Polar Frontal region. Then the various conceivable sources of Fe, for surface and deep waters, are evaluated in relation to the requirements for biological growth in compartments of the plankton ecosystem. Some of the findings have been summarised briefly elsewhere (de Jong et al., 1994; de Baar et al., 1995) . Here, sampling methods and actual data are presented and treated in detail, including the deep water data and particulate Fe results. Other trace metals (dissolved Cd, Cu, Ni and Zn, as well as the metals in particulate matter) were also studied during ANT X/6 and will be presented in subsequent papers.
SAMPLING AND METHODS
Samples were collected during the austral spring, from 4 October to 25 November 1992, during the Joint Global Ocean Flux Study (JGOFS) Antarctic Ocean expedition ANT/X6 aboard R.V. Polar-stern (Fig. 1) . The first transect started at Punta Arenas (Chile) and followed the ACC eastward until the 6"W meridian was reached. There, consecutive northsouth sections were investigated along the 6"W meridian from 47"s to 59"S, including the Polar Frontal region and the Weddell Sea Gyre. Between transects 5 (station 887-907) and 11 (station 93&969), on average 18 days passed, during which the development of a spring bloom could be followed (station locations and numbers according to Smetacek et al., 1997) . Seawater samples were taken with precleaned GoFlo samplers (12 1) mounted either on a 10 mm kevlar hydrowire (40-400 m) or on an all-Teflon coated CTD/Rosette frame (> 400 m). At each full degree, six samples were collected with kevlar wire at standard depths (4&60-10&150-20&400 m), corrected afterwards for wire angle, using an SIS pressure sensor at the deepest (400 m) sampler. Water deeper than 400 m was collected with the CTD/Rosette frame. Surface water samples (-10 m; unfiltered) were taken from a walking bridge extending 10 m beyond the bow of the slowly upwind steaming ship, using a 2 1 GoFlo sampler on a small winch with 6 mm kevlar wire. Upon recovery, the sampler was wrapped in plastic bags, transferred into a Class-100 clean air laboratory van, and drained Fig. 1. Chart of the research area at the 6"W meridian extending from 47" to 593, crossing the Polar Front at about 49-50'S and the ACC-Weddell Gyre Boundary at about 58% The lower graph shows the latitude versus time (days) of the stations numbered 887 to 969 at consecutive transects 5/6 and 11, and Sta. 972 of transect 12. Not shown are the initial transects 14, and intermediate short transects 7-10, see Smetacek et al. (1997) .
into a precleaned storage bottle. Particulate matter was collected by filtering 30-60 1 of seawater through 142 mm Nuclepore filters with a 0.2 pm pore size. The seawater had been taken with a suite of 3-6 12 1 GoFlo samplers on the CTD/Rosette frame. Immediately upon recovery, the large 12 1 GoFlo samplers were attached to the outside of the clean air laboratory van. Teflon tubes were connected to lead the seawater into the clean laboratory.
Pressure lines, with high purity nitrogen gas passing over fine particle arrestance filters, were attached to the top of the samplers to allow for filtration by an overpressure of < 1 bar. Inside the clean laboratory, seawater was filtered over acid-cleaned Nuclepore or Poretics membrane filters (47 mm, 0.4 pm), mounted in all-Teflon (PTFE) filter holders. In addition, seawater samples were taken without filtering. The filtered or unfiltered seawater was collected into 1 or 2 1 hot-acid-cleaned PE bottles, acidified to pH 2 with quartz-distilled HNOs and stored. Zhuang et al. (1990) reported an increasing dissolution of Fe in marine aerosols with decreasing pH of seawater. Hence, for the unfiltered samples it is assumed that the approximately 1 year storage at pH 2 would allow dissolution of at least some, if not most biogenic fractions and surface oxyhydroxide coatings.
Only the most refractory component of land-derived minerals (clays, sand, etc.) would still be excluded from the analysis.
At the ice stations, surface snow, ice and brine samples were collected using acid-cleaned plastic ware. The samples were placed in a laminar flow clean air bench for melting, then acidified, and transferred into PE bottles and stored.
In the clean laboratory onshore, the samples were pre-concentrated (167 x ) by an APDC/ DDDC chloroform extraction in Teflon separatory funnels, according to Bruland and Franks (1979) . The back extraction step was omitted. The extract was evaporated to dryness and the residue dissolved in diluted HN03. The reagents used were cleaned by 4-fold subboiling distillation in quartz stills. The final analyte was measured using a Perkin Elmer 5 100 PC Graphite Furnace Atomic Absorption Spectrophotometer with Zeeman background correction.
In each daily session 18 samples and six blanks were extracted. Moreover, a suite of four spikes with increasing Fe concentrations was added to a three-times extracted seawater matrix to check the recovery of Fe. This was generally higher than 95%, as determined by linear regression. Results of extractions with recoveries of less than 90% were rejected, and are not reported. Seven examples of daily runs are listed in Table 1 . The reproducibility of the overall analytical procedure, based on seven triplicates and 21 duplicates, ranged from 2 to 18%. For each daily run, the mean values for six blanks ranged between 0.09 and 0.22 nM. The detection limits, expressed as three times the standard deviation of the six daily blanks, ranged between 0.03 and 0.31 nM. In this manner about 200 samples were analysed in the 1993-1994 period. All values are reported and have been corrected for the corresponding daily mean blank and extraction efficiency. In 1995 some stored samples of filtered seawater were re-analysed, using the very different Flow Injection Chemoluminescence method after Obata et al. (1993) , yielding values in excellent agreement with earlier analyses. The reliability of the above described shipboard sampling with 12 1 GoFlo at the 10 mm kevlar wire, and filtration, was recently confirmed in 1995-1996 expeditions in the Pacific and east Atlantic sectors, using the shipboard analyses after Obata et al. (1993) The particulate matter samples on 142 mm filters were subjected to a sequential chemical leaching treatment in the clean laboratory. They were immersed in 4.5 M Qacetic acid for 4 h at room temperature to dissolve adsorbed cations, carbonate phases and reactive oxyhydroxides (Landing and Bruland, 1980, 1987) . This was followed by a digestion in 2 M Q-HCl/I M Q-HNOs again for 4 h at room temperature to dissolve the more resistant Fe(II1) oxyhydroxides (Lewis and Landing, 1991) . The residual refractory material was placed into clean digestion vessels and totally digested with 3 ml Q-HCl, 1 ml Q-HN03 and 1 ml ultraclean HF. After digestion in a microwave oven they were diluted with 5 ml of saturated HsBOs to neutralise the strong acid HF (Merck). The last digestion step was tested for total destruction with the reference material calcareous loam (BCR no. 141) and light sandy soil (BCR no. 142) for the metals Cu and Ni. The obtained values agreed with the certified values within the 95% confidence interval. The blanks of Fe ranged between 0.43 and 5.67 pM, and between 0.07 and 1.07 nM for the acetic acid leaching step and the total destruction step, respectively. The blanks for the second leaching step were smaller than 0.01 nM. The detection limits, based on three times the standard deviation of the blanks, ranged between 1.57 and 3.15 pM, 0.6 and 7.8 pM, and 20 pM and 0.88 nM for the acetic acid leaching step, the second leaching step and the total destruction, respectively.
For the total particulate Al data, the seawater samples were collected independently by F. Dehairs in the upper 600 m using an all-Teflon coated CTD/Rosette frame with NOEX samplers. Typical depths were 10, 50, 100, 150, 200, 250, 300, 350, 425 , 500 and 600 m. The seawater was transferred to 30-l acrylic (perspex) filtration units for filtration on Nuclepore membranes (47 mm, 0.4 pm porosity) using the pressure of filtered air. In general between 5 and 24 1 of seawater were filtered per sample. After filtration, membranes were dried at 50°C and stored frozen in Millipore petri dishes until later analysis. At every station one blank membrane was dried and stored as carried out for the sample membranes. In the home laboratory filter samples were mineralised using a lithium metaborate (LiB02; Specpure, Johnson & Matthey) fusion technique as described by Dehairs et al. (1990 Dehairs et al. ( , 1991 . Prior to the fusion of the samples in platinum crucibles at 1 lOO"C, the polycarbonate matrix of the membrane filters was gently combusted at 400°C. After fusion the samples were redissolved in hot (80°C) HNOs (Merck, Suprapure) under constant stirring. Final sample solution (10 ml) was 8% in HNOs and 5% in LiB02. Al was analysed by simultaneous inductively coupled plasma optical emission spectrometry (Jobin-Yvon 48). Standards were prepared in a similar HN03/LiB02 matrix as the samples.
The surface-water data for dissolved (filtered) and total dissolvable (unfiltered) Fe, as well as major nutrients are reported in Table 2 . The deep-water data for hydrography, nutrients, filtered and unfiltered Fe are given in Table 3 , and the total particulate Al data are reported in Table 4 .
HYDROGRAPHY

Deep circulation
The hydrography has been described extensively by Veth et al. (1997) . Briefly, the transects along the 6"W meridian from 47"s to 59"s ( Fig. 1) extended to the north across the southern limits of North Atlantic Deep Water (NADW), which penetrates the ACC. Beyond 30"s the characteristics of NADW change due to mixing with overlying Antarctic Ridge forms a barrier for the northward transport of AABW, which instead seeks its way over the seafloor more towards the west, near and beyond the Sandwich Islands.
Surface circulation
All surface waters generally drift eastward, forced by the West Wind Drift. At the fronts, the geostrophic velocity is considerably higher than that of the wide stretches of water masses between the fronts. Three fronts were identified at this transect (Veth et al., 1997) :
-the Polar Front north of 503, meandering with a main frontal jet near 493; -the southern ACC front at the end of the 1.8"C isotherm between 54" and 56'3 (Orsi et al., 1995) ; and -the ACC-Weddell Gyre Boundary (AWB) at about 583. 
The distribution of Fe in the Antarctic Circumpolar Current The Polar Front meanders within a wider range, here called the Polar Frontal region. The site of the Polar Front is associated with the formation of AAIW, which is derived from the combination of Antarctic Surface Water with CDW. It is characterised by a distinct temperature gradient with latitude (Tchernia, 1980) . Upon its formation, the subsurface AAIW flows northward into the Atlantic, Indian and Pacific Oceans, while gradually sinking to -800-1200 m depth and mixing with both deep and surface waters. In our transects only the initial stage of formation of AAIW can be traced between 47 and 48"s in the upper 200 m by a potential temperature between 2.0 and 3.O"C and a salinity minimum of 33.8-33.9. In the T-S diagram (Fig. 2) of the most northerly final station 979 (45"29'S, 01"08'E), the core of the AAIW between 500 and 1000 m is indicated by the salinity minimum of 34.2-34.4 at a potential temperature of between 2.5 and 3.5"C. The Polar Front shows the strong velocity shear, meandering and interleaving as is commonly associated with energetic frontal regions (Veth et al., 1997) 
DISTRIBUTION OF IRON IN SURFACE WATERS
Dissolved Fe in Antarctic surface waters south of the Polar Frontal region
The AASW south of the Polar Front can be considered to be representative of the vast Antarctic Ocean, particularly with respect to its low biological productivity. Dissolved Fe concentrations were on average as low as 0.48 nM (transect 5, Fig. 3a ) and 0.31 nM (transect 11, Fig. 3b ) at a depth of 40-300 m. The minimum for dissolved Fe was 0.17 nM at 51"s. During section 11 somewhat higher dissolved Fe at N 1 nM was encountered at 54"S, perhaps due to some input from previous melt. Dissolved Fe concentrations increased with depth, and, at a depth of 200-400 m, reached values consistent with ACC dissolved deepwater concentrations ranging from 0.6 to 1.1 nM. Further westward, in offshore Drake Passage waters, Martin et al. (1990a) 
Total dissolvable Fe in surface waters outside of the frontal regions
The concentrations of total dissolvable Fe within the first 10 m depth are about 2.0 nM south of the Polar Frontal region at transect 5 (at 52" and 53"s) (Fig. 4a) and are similar at transect 11 (53"s) (Fig. 4b) . North of the Polar Frontal region the total dissolvable Fe concentration at transect 5 reaches 2.6 nM (at 47"S), whereas along transect 11 values range between 0.6 and 1.1 nM (at 47", 48" and 49"s).
Dissolved Fe in surface waters of the Polar Frontal region
In the more rapidly eastward-flowing Polar Frontal region, the average concentration of dissolved Fe is 1.87 nM (transect 5, Fig. 3a) , then decreasing as spring develops to an average of 1.14 nM (transect 11, Fig. 3b ). The latter decrease is consistent with significant uptake and removal of Fe from seawater, this being supported by a depletion of 234Th in transect 11 . The section plot of dissolved Fe along the 6"W meridian, at combined transects 5 and 6, shows the pronounced Fe maximum at 4% 50'S in the upper 150 m. This can be ascribed to shelf sources. Similarly, in the more enclosed Weddell Sea, Westerlund and Ghman (1991) reported values ranging from 0.24 to 5.59 nM, whereas Nolting et al. (1991) found about 1.54 nM in the Scotia Sea, which apparently was influenced by the Weddell Sea at the front of the Weddell-Scotia Confluence.
For waters in Gerlache Strait, near the Antarctic Peninsula, higher concentrations at about 7 nM have been found (Martin et al., 1990a) . At the extensive shelf around the Signy Island the dissolved Fe just after the sea-ice retreat was as high as -50 nM at a shallow station, very similar to concentrations in inshore waters of, for example, the North Sea.
Total dissolvable Fe in surface waters in the frontal regions
Within the three fronts passed during this cruise, the total dissolvable Fe concentrations are higher than in the rest of the surface ACC waters. In the Polar Frontal region the total dissolvable Fe reaches a concentration of 4.4 nM and 5.6 nM for transect 5 at 50"s ( Fig. 4a ) and 11 at 50"s (Fig. 4b) , respectively. In the southern ACC front it reaches 7.4 nM at transect 5. Input within the Marginal Ice Zone (MIZ) resulting from sea-ice melting was observed during transect 11 at 59"S, with a total dissolvable Fe concentration of 2.0 nM.
DISTRIBUTION OF IRON IN DEEP WATERS
Dissolved Fe in deep waters
In the southern branch of the ACC (51-56"s) the Circumpolar Deep Water (upper and lower) shows dissolved Fe ranging from 0.6 to 1.1 nM at one station (56" 11'S, 12"24'W), and 0.7-l. 1 nM at another station (53"58'S, 06"OO'W) (Table 5 ). This is similar to dissolved deep concentrations of Fe in the deep equatorial Pacific Ocean (mean at -0.5-l .5 nM for a range of 0.44-2.6 nM; Landing and Bruland, 1987) , the deep northwest Indian Ocean (-l-2 nM; Saager et al., 1989 ) the North Atlantic Ocean south of Iceland (0.3-0.64 nM, Martin et al., 1993) , the northwest Atlantic (0.4-0.8 nM, Wu and Luther, 1994) , and the deep northeast Pacific (0.60.7 nM, Martin et al., 1989) (Table 6 ). In the Polar Frontal region the deep Fe concentrations, especially at the station at 48"41'S near the jet of the Polar Front, do reach higher values (0.4-2.X nM) presumably due to Fe input from shelf sources as discussed below.
Total dissolvable Fe in Antarctic deep waters
Total dissolvable Fe concentrations (unfiltered) in the UCDW decrease south from the Polar Front, a decrease from 2.G2.3 nM at 52"Ol'S to 1.0-1.7 nM at 53"58'S to 0.9 nM at 55"51'S (Table 5 ). This may be simply a dilution effect as a result of mixing of Polar Front waters with adjacent water masses of lower total Fe contents; yet some removal by settling of particles likely also takes place. Total dissolvable Fe concentrations in the LCDW are 
(AAIW)
1.3-2.4 (UCDW) 2.0-7.5 (LCDW) always higher than in the UCDW. This is consistent with input at the nepheloid layer and conceivable ridge crest sources as discussed below. Total dissolved Fe concentrations in the AABW (3.2-9.7 nM) are higher than those of the other water masses in the ACC. This is also apparent from total dissolvable Fe concentrations (Table 5 ). The high Fe in AABW likely is due to input from the nepheloid layer and Fe input from the shelf during formation of AABW. Westerlund and ijhman (1991) reported total dissolvable Fe concentrations between 1 and 25 nM at the Weddell Sea shelves, which are the ultimate sites of AABW formation. They demonstrated transport of Fe from the shelves into the Weddell Sea basin, where shelf water contributes to the formation of WSDW, which forms an important contribution to the formation of AABW. Nolting et al. (1991) reported dissolved Fe concentrations from 3.2 to 4.2 nM for UCDW, from 1.6 to 5.7 nM for LCDW, and from 1.8 to 4.0 nM for AABW for a deep station at 57"OO'S, 48"24'W in the Scotia Sea.
Total dissolvable Fe in subAntarctic deep waters
One station was sampled in the subAntarctic Ocean at 45"29'S, 01"08'E, near the margin of the Cape Basin (Fig. 5 ). Here the AAIW had a total dissolvable Fe concentration of about 2.4 nM. Within the UCDW the total dissolvable Fe concentration decreased to about 2.0 nM, but increased again within the nepheloid layer of the LCDW to concentrations as high as 7.5 nM near the seafloor. The total Fe maximum in the AAIW can be attributed to (Miller et al., 1991a,b) (max. w) 30 x 10K5 cm s-' (Gargett, 1991) 10x lo-'ems- (Martin et al., 1989) Deep [Fe] 1 x 10W6 mol m-3 0.6 x 10e6 mol m-3 (Martin et al., 1989) J. Fe associated with particles originating from AASW, which mixes with CDW to form AAIW. Symes and Kester (1985) found the same general shape for the depth profile of total Fe in the northwest Atlantic Ocean. They observed a higher percentage of particulate Fe, compared with dissolved Fe, within the upper 500 m, as well as from 1500 m to the bottom (3000 m). These higher percentages of total Fe are associated with particulate matter in surface waters, where particles tend to accumulate in the pycnoclines, and near the bottom nepheloid layer, where they are resuspended from bottom sediments (Symes and Kester, 1985) . An increase in the total dissolvable Fe concentration due to the existence of a nepheloid layer (as observed from the decrease of the light transmission) also was found at Antarctic proper stations 866,917,911 and 951 ( Fig. 6a-d) .
SOURCES OF IRON IN SURFACE WATERS
The supply of iron to surface waters is of critical importance for biological productivity (Gran, 1931; de Baar, 1994) . In Antarctic surface waters, the concentrations of both the major nutrients and dissolved Fe are only somewhat lower than those found in the underlying deep waters. For the major nutrients, the supply from below, by the intense wind-driven upwelling, apparently exceeds the rate of incorporation in biota and subsequent removal from surface waters. Similarly, the supply of dissolved Fe may be from below by upwelling and vertical mixing, but other sources are conceivable.
Briefly,
(a)
Total four different inputs of iron to surface waters can be defined: (i) vertical input from below by upwelling and eddy diffusion; (ii) atmospheric input of continental dust, including input of accumulated dust upon spring melting of sea-ice; (iii) input from melting icebergs; and (iv) lateral input from sediments at continental margins. The relative importance of each source term for regions and fronts of the Antarctic Ocean can be compared with their significance for the other HNLC zones. Here the Southern Ocean will be compared with the subArctic Pacific Ocean.
Vertical input from below by upwelling and mixing
Vigorous wind-driven upwelling and eddy diffusion, in combination with somewhat higher deep water concentrations of 0.6-l. 1 nM (southern ACC zone), are responsible for a larger upward supply of dissolved Fe from deep to surface waters in the ACC than in the subArctic Pacific region of the Gulf of Alaska. The wind stress in the ACC region is about twice as high as that in the northern North Pacific (Trenberth et al., 1990) , with a seasonality where during austral winter the wind stress is on average about twice that in summer. For the ACC, the consistently high wind velocities, the little variation in wind direction, the absence of land barriers, and the slightly higher deep water concentrations of dissolved Fe make Ekman pumping about four times stronger than in the North Pacific Ocean (Table 6) .
In Antarctic waters, the density stratification is about five times weaker than in the Gulf of Alaska, as indicated by the density gradient at the pycnocline between the wind-mixed surface layer and deep water (Fig. 7) . Station 865, for example, has a density stratification of about 3.4 x lop3 kg mm4 m the surface boundary layer between 140 and 250 m. At station "Papa" the density stratification between 20 and 50 m is about 1.5 x lo-* kg mm4 (August 1987) (Martin et al., 1989) . In May 1988, the density stratification pycnocline at station "Papa" between 120 and 130 m (Miller et al., 1991a,b) was about 3.7 x lo-* kg m-', which is in the same order as in August. An average value of 2.6 x lo-* kg m-' is used for further calculations on the Gulf of Alaska station.
Different methods of determination, and different depth ranges, yield different values for the eddy diffusion coefficients, K,. For our calculation, the linear relationship of Broecker (1981) between K, and N*, the square of the Brunt-Wisely frequency, is used. This linear relationship is consistent with measurements done by Ledwell et al. (1993) , whose K, nicely (Table 6 ). (b) Potential density in the upper 2000 m water column at 56"S, 12"W in the ACC (these data) and at SOON, 145"W at station "Papa" (Martin et al., 1989). fits into the density stratification data of Geosecs. The K, values determined in this way are about 3 x lop5 m* s-l and 0.5 x lop5 m* s-' around Antarctica and in the northeast Pacific Ocean, respectively. This is about 6-fold higher around Antarctica than in the Pacific. Garcon er al. (1992) calculated a K, of 0.8 x 10K5 m* s-' in the sub-surface layer at station Papa, quite consistent with the K, calculated from the Broecker method. Mourn and Osborn (1986) have shown that the diapycnal eddy diffusivity does not exceed lop5 m* s-i in the upper 400 m in the western North Pacific, Overall the total upward flux Jt (largely due to Ekman pumping with some extra by eddy diffusion) of dissolved Fe is estimated to be in the order of 1.68 x lo-'* mol m-* s-' in the ACC, about five times larger than the 0.31 x lo-'* mol m-* s-l in the subArctic Pacific Ocean (Table 6 ). Finally, density gradients in the Polar Frontal region are less than in the southern ACC zone (Veth et al., 1997) . Thus, upward transport of Fe by eddy diffusion in the Polar Frontal region may be somewhat more intense than in the overall ACC zone, conceivably leading to modestly higher values for overall upward transport in the Polar Frontal region.
The cellular Fe requirements of phytoplankton are not well known. Sunda et al. (1991) reported a ratio of (Fe:C) = -2 x lop6 for an oceanic diatom.
For prokaryotic cyanobacteria, ratios of (Fe:C) > 2 x 10h5 have been found (Brand, 1991) . Assuming an average elemental ratio Fe/C of about 10m5 for phytoplankton, the supply from below would sustain a daily primary production of about 170 mg C m-'day-' or twice that value, i.e. 340 mg C m-* day-', when assuming an&ratio of 0.5 for recycling of Fe within the plankton community. These values compare well with the 80-300 mg C m-* day-' actually observed for primary production in the southern ACC surface waters (Jochem et al., 1995) . The corresponding potential for primary production on the basis of upwelled nitrate (at typical measuredf-ratio -0.5 (Goeyens, personal communication 1996) ) is much higher, -720 mg C m-' day-'.
This demonstrates that only part of the nitrate supply is utilized, i.e. the Antarctic Paradox which now appears, at least partly, explained by insufficient supply of Fe. These calculations had been briefly reported previously (de Baar et al., 1995) .
More recently, for the equatorial Pacific Ocean the same calculation has been applied, yielding an upward supply of N 1.4 x lo-'* mol m-* s-i of dissolved Fe, similar to the value for the Antarctic Ocean. Yet for the equatorial Pacific itself this would correspond to only about 20% of the potential productivity on the basis of upwelled nitrate (Coale et al., 1996) .
Our calculations are based on annual mean transport coefficients. In reality, the lower wind velocity during austral summer (Trenberth et al., 1990 ) would lead to a lower value for the upward supply of Fe, where on the other hand the Wind Mixed Layer would stabilize at a shallower depth. This, together with better summer insolation, provides a more favourable light climate for bloom development.
The opposing seasonality of Fe supply and light gives rise to optimal conditions for phytoplankton growth in late spring or early summer, when at least some Fe is still available from supply in winter and early spring, and light conditions have become more favourable for growth. This scenario is not inconsistent with the general decrease of dissolved Fe in the southern ACC from 0.49 nM at section 5/6 (24 October-6 November 1992) to 0.31 nM at section 11 (l&21 November 1992), whereas recent observations later in the season (and also more easterly away from land sources at 6 12"E) tend to be lower again, about 0.2 nM (January 1996, de Jong and de Baar, unpublished results).
Atmospheric input of continental dust
The Southern Ocean is known to receive the lowest atmospheric dust loads in the world (Prospero, 1981) and, consequently, the lowest atmospheric Fe input. South of the equator, the concentration of dust in the atmosphere is about five to six times lower than in the northern hemisphere due to the lower abundance of continents. On average Fe constitutes about 3.5% of the of mineral matter (Taylor and McLennan, 1985) .
The transportation and deposition of mineral aerosol are highly variable due to the episodic nature of dust generation, transport and deposition. The available flux calculations of total Fe are based on measurements of atmospheric dust at a small number of locations over the globe, in combination with a deposition model. On this basis, Duce and Tindale (199 1) provided a best estimate of the flux of total Fe from the atmosphere into the surface oceans. From their Fig. 8 the total Fe deposition in the region of the 6"W meridian transect was taken to be about 3 mg mm2 year-', by rough interpolation. Between 10 and 50% of the total atmospheric Fe deposition enters the sea as dissolved Fe (Duce and Tindale, 1991) . A considerable portion of Fe in marine aerosols has the Fe(I1) valency due to photochemical reactions during atmospheric transport (Duce and Tindale, 1991; Zhuang et al., 1992) . This Fe (II) is readily soluble, and about half of total Fe deposition may well become available in seawater and taken up by phytoplankton. Here assuming that 10% of the total Fe flux will become dissolved Fe, some 0.17 x lo-l2 mol rn-'s-l of dissolved Fe is added from aerosols into the Polar Front region of the 6"W meridian transect. The same considerations for the north Pacific site yield 1.8 x lo-l2 mol m-* s-l for input of "dissolved Fe", i.e. similar to the Antarctic upwelling supply (see above) but ten times higher than the aerosol supply at the Polar Frontal region of the Southern Ocean. Hence it appears that the surface waters of the open Antarctic Ocean and the subArctic Pacific Ocean have similar amounts of Fe supply, coming from below and above. Similarly, for the equatorial Pacific, the Fe also has been suggested to be supplied from below, rather than above (Coale et al., 1996) .
Caveats here are the fact that the total Fe deposition is only a best estimate, and the uncertainty of the assumed 10% rather than say 50% of total aeolian Fe being allowed to dissolve. Also all the above estimates are annual means, while at least Antarctic upwelling likely varies seasonally with wind forcing, and aeolian input definitely is episodic or at least seasonal. A lower abundance of crustal aerosol in the Antarctic continental atmosphere was found during the winter months than during austral summer (Cunningham and Zoller, 1981; Wagenbach et al., 1988) . This has been explained by greater snow cover and moisture of southern hemisphere continents as the ultimate source regions (Dick, 1991) , i.e. South America as the source region of our study site.
Recently Kumar et al. (1995) , for a suite of sediment cores in the same general Atlantic research region and using assessments of sedimentation rate on basis of modelling accumulation of radioisotopes, arrived at rates of local sedimentation of total Fe in the modern Holocene era. These Fe input rates ranged from -50 mg m-' year-' (=5mgcmV2kyear-'; Kumar et al., 1995 , their figs 3d and 4e) at a site north of the Polar Front, to a rather uniform 30 mg m-' year-' at three sites south of the Polar Front to 49-54"s. Firstly, these total deposition rates are about an order of magnitude higher then the best estimates of Duce and Tindale (1991) . Secondly, the higher deposition rate in the subAntarctic or Polar Frontal Zone just north of the actual Polar Front jet was ascribed to aeolian supply of dust from the Patagonian desert. Such, likely very episodic, dust input also may be the cause of the maxima of dissolved Fe and particulate Fe and Al here reported at the Polar Frontal region (meandering between -48-50'S) and beyond at 47"s. On the other hand the strong coincidence of these maxima with Polar Front hydrography would render an internal oceanic source term more likely, i.e. the shelf and slope sediments of continental margins as discussed below.
Towards the south in the open ACC and the seasonally ice-covered ACC and Weddell Gyre the aeolian input would be low, here assumed to be at about 1 mg rn-' year-' (Duce and Tindale, 1991) . Aerosol deposition accumulates over the winter in sea-ice and snow. Again only 1 O-50% of such flux would be deemed dissolvable. At three stations, ice samples were taken from ice-floes having a thickness of -80-120 cm. Here we take a concentration of -30 nM as a typical value for total dissolvable Fe in sea-ice and snow (Table 7) . For a 1 m-thick sea-ice cover this would correspond to a deposition rate of 30 ,umol me2 year-' or 1.7 mg me2 year-'.
This appears in keeping with the 1 mg rn-' year-' of Duce and Tindale (1991) . However the sea-ice cover exists for only part of the year, say 6-9 months. Also in those months of austral winter the aeolian input is likely lower than in late spring and summer. For both reasons the value of 1.7 mg m-' year -' is deemed to be a low estimate as compared to a high estimate of -30 mg m-' year-' of Kumar et al. (1995) . Nevertheless, the 30 nM in -1 m thick sea-ice would, upon spring melting of the ice and vertical mixing over a 75 m deep Wind Mixed Layer, give rise to an increase in the dissolved Fe in the Marginal Ice Zone of 0.4 nM. This is comparable to the increase of -0.5 nM at 54"W in transect 11 relative to preceding transect 5/6 (Fig. 3) . However when taking into account that only l&50% of total dissolvable Fe in sea-ice would in fact dissolve in seawater, the input of dissolved Fe would be less than 0.4 nM.
In summary, the aeolian input of total Fe to the Antarctic Ocean is very low, but uncertainties within an order of magnitude do exist for both the total input and the dissolvable fraction available for phytoplankton.
Icebergs and ice-rafting debris
At the Weddell-Scotia Confluence (46_5O"W), studied during the 1988 EPOS programme, large, visibly dirty, icebergs were observed (de Baar et al., 1990) . The majority would be derived from the Filchner ice shelf and carried along with the rotating conveyor belt of perennial pack-ice cover of the western Weddell Sea (Eicken, 1992) . This sea-ice, due to its -2 years' age and close proximity to South American aerosol source regions, also would have accumulated relatively more dust than at the 6"W meridian. Overall the MIZ at the Confluence receives a steady supply of relatively Fe-rich icebergs and sea-ice, which, upon melting, would favour plankton growth also due to meltwater stabilization.
Otherwise the Confluence is downstream from the Peninsula, and would also (Dehairs et al., 1992) . At the MIZ of the ANT X/6 sections at 6"W some 5&60 icebergs were commonly observed within a 22-km wide observational range, the icebergs surprisingly tracking the retreat of the ice-edge with ongoing season (van Franeker, 1994) . In the Polar Frontal region a smaller but consistent accumulation of the order of two to ten bergs per 22 km width range was observed. Compared to other cruises and years, the high abundance of icebergs in the Polar Frontal region was rather anomalous. Within the Polar Frontal region the ambient seawater is at _ 0.5"C as compared to as low as -1.5"C in the southern ACC and Weddell Gyre. Hence significant melting may take place in the Polar Frontal region, and may, at least partly, contribute to the general drop of salinity at the Polar Frontal region (Veth et al., 1997) . Such melting of icebergs would contribute some Fe. The Fe content in glacial ice from an iceberg at 48"s and 6"W (station 964) in the Polar Frontal region was 20.4 nM. Surface water samples from the direct vicinity of this iceberg varied from 1 to 9 nM Fe, hinting at some local influence immediately around the melting berg. For the whole region of the Polar Front the maximum Fe input of icebergs may be assessed from the local salinity minimum. Because the Polar Front is the formation area of AAIW and the boundary between subAntarctic Surface Water and AASW, the original salinity of water in the Polar Frontal region without the influence of meltwater cannot be determined. Assuming a salinity of 33.9 as observed north of the Polar Frontal region and a decrease in salinity of 0.05 within the Polar Frontal region, 1 m3 seawater would contain about 1.5 1 "meltwater". Assuming IO-100 nM Fe in water from melting icebergs, as analysed for samples during this cruise (Table  7) , 0.015-O. 15 nmol Fe was added to 1 1 seawater. This is not enough to explain an average input of l-l.5 nM, which therefore must be attributed mainly to other sources such as the shelf input discussed below.
The supply of Fe from continental margins into the Polar Frontal region
The position of the Fe maxima in the Polar Frontal region coincides with the largest calculated geostrophic velocity of about 25 cm s-l (Veth et al., 1997) . Along the southern ACC part of the section, the geostrophic velocity varies from 5 to 10 cm s-'. We propose that the high Fe concentrations within the rapidly eastward flowing Polar Frontal jet may well have originated from Fe input of the shelf from the South American continent. Similarly, in the Antarctic Peninsula region, Martin et al. (1990a) , Westerlund and ohman (1991) and Nolting et al. (1991) reported a diagenetic input from shelf sediments in the neritic Gerlache Strait, in the Weddell Sea, and over the shallow South Orkney shelf.
The Polar Front traverses the Drake Passage in deep waters (Peterson and Stramma, 1991; their fig. 21) . However, it then flows north-eastward across the Scotia Ridge, meandering in the zone between the Falkland Plateau and South Georgia, and then further in a north-easterly direction towards the N 50"s region (Peterson and Stramma, 1991; their fig. 22 ). Within the overall energetic Antarctic Ocean, the Polar Front stands out as the most dynamic feature (Fig. 8) , capable of energetic interaction with the benthic boundary layer of South American shelf and slope sediments. Moreover, baroclinic eddies, which occur in narrow regions where frontal jets change their course (Veth et al., 1997) , may well serve as a vertical transport component for Fe. 
LATITUDE 90s
Zonally integrated kinetic energy (1 O6 J m -') for the mean circulation as derived from a coarse-resolution (nominally 4 x 4") ocean GCM (after Toggweiler, 1994 ).
At our 6"W section, located some 2000 km downstream of the South Georgia plateau, the input of dissolved Fe and particulate Fe and Al still can be seen (Figs 9-l 1) . Similarly, in a 14O"W section of the Equatorial Pacific Ocean, the Equatorial Undercurrent is discernible from the enhanced dissolved Fe and particulate Al (Coale et al., 1996) presumably derived from its shelf sources some 6000 km upstream in the western Pacific margin (off New Guinea). This undercurrent also represents a considerable amount of kinetic energy (Fig. 8 ) albeit less than the Antarctic Polar Front.
The distribution of total particulate Al (as measured independently on a separate set of samples) serves as the most convincing evidence of terrestrial input into the Polar Front (Fig. 9) . For both transects 5/6 and 11, distinct particulate Al maxima of -10-15 nM are observed at the Polar Frontal region as well as -610 nM at the AWB front, which, during the final section 11, largely coincided with the MIZ of retreating sea-ice. The total particulate Al concentrations in the regions of the Polar Front and the AWB/MIZ are of the same order in both transects, which means that the magnitude of particle import in both transects remains fairly uniform in place and time. The AWB at 6"W is considered the eastward extension of the aforementioned Weddell-Scotia Confluence where at 49"W, i.e. (b) Section plot of transect 11. PFZ: between 48"s and 51"s; MIZ at about 58"s overlying the AWB.
Particulate Al (nM)
some 43" longitude closer to the extensive shelves of the Antarctic Peninsula region, both the particulate Al (Dehairs et al., 1992) and dissolved Fe (Nolting ef al., 1991) are higher. Using the given Al values (Fig. 9 ) and a molar crustal abundance ratio of Fe/Al=0.33 (Taylor, 1964) Fe from the independently sampled and measured total particulate Al at 50 m depth, using the molar crustal abundance ratio Fe/AI of 0.33 (Taylor, 1964) .
Southern ACC waters and as high as 6 nM and up to 5 nM in the Polar Frontal region and in the AWB/MIZ, respectively. The measured total particulate Fe concentrations at 40 m depth in transect 5 (Fig. 10a ) support the above calculations on the basis of measured Al at 50 m depth (Fig. 9a) Al determined by F. Dehairs. Additional results of particulate metals will be reported elsewhere. At 48"S, 503, 52"s and 54% no ratio is given as there is no corresponding Al value available. concentration varies from 0.6 nM to 1.7 nM. This good agreement of the measured total particulate Fe data at 40 m depth with the calculated particulate Fe data from the Al data at 50 m depth is shown in Fig. lob (Fig. 10a ).
At 200 m depth (Fig. 1 la) the particulate Fe maxima can still be observed in the two fronts at 49"s and 54-55'S, with lower abundances in between, except for an anomalously high value at 52"s that cannot be explained. In between the fronts, the calculated molar Fe/ Al ratio at 200 m depth (Fig. 11 b) for total material is about 0.48-0.71. For the refractory Fe only, versus total Al, the ratio is lower at 0.2550.52, comparable to the global average of 0.33 for crustal abundance (Taylor, 1964) . However at the fronts, the total ratio attains values of 2.56 in the southern ACC Front and 1.63 in the Polar Frontal region, whereas the refractory Fe versus total Al yields ratios of about 1.47 and 0.83, respectively. The average molar crustal abundance ratio of 0.33 appears to be a minimum average value for marine particles, as marine biogenic Fe fractions and marine authigenic Fe-oxide coatings would not be included. For example Westerlund and ohman (199 1) found in the Weddell Sea a molar ratio Fe/AI = 0.76.
The removal of dissolved Fe from surface waters during eastward transport likely occurs by its incorporation into biogenic particles. Without any new input, the dissolved Fe is expected to decrease eastward as well as with the ongoing season of biological growth. We do not have such an east-west section at the latitude of the Polar Frontal region. However, the east-west transect 1 at 55-57'S in the southern ACC branch provides a small dataset beyond the Sandwich Islands where such a decrease may be discerned tentatively for the upper water samples at 40 m depth (Fig. 12) . The trend is still observable down to about 100 m depth, albeit barely, and in fact reverses at 20&300 m depth. Obviously more detailed sampling in an east-west direction along the Polar Front itself is required to resolve the expected lateral trends. In summary, the major supply of dissolved Fe to surface waters of the offshore Antarctic Ocean appears to be upwelling and mixing from underlying deep waters. In nearshore water, overlying the continental shelf and slope, there is an input from sediment sources. Frontal systems with often rapidly flowing jets such as the Polar Front may bring this signal towards the open ocean, giving rise to local bands of elevated dissolved Fe concentrations. Such bands were observed in the Polar Front and, to a lesser extent, in the southern ACC Front and the AWB. Alternatively aeolian input has been suggested to be important in subAntarctic waters of the Polar Frontal Zone (PFZ), including the Polar Front itself.
SOURCES OF IRON FOR DEEP WATERS
The generally higher input of both dissolved and particulate Fe has been discussed for the energetic Polar Front. The more southern part of the ACC is less but still quite energetic (Fig. 8) and also has been flowing over shoaling seafloor topography of the Sandwich Islands arc (N 28"W), which is the largely submerged connection between the South Georgia and South Orkneys plateaus. In other words the ACC simply has to flow over one or the other of these shallows where exchange with the underlying sediments is inevitable. Subsequently the general upwelling provides a vehicle for bringing dissolved Fe to the surface in the southern ACC branch where dissolved Fe was found to be N 0.3 l-O.48 nM.
Further west the deep and surface waters of Pacific origin are expected to be more pristine, consistent with the somewhat lower dissolved Fe concentrations of about O.l-0.76 nM in Drake Passage (63-65"W; Martin et al., 1990a) and the very uniform -0.2 nM recently encountered at a Pacific Antarctic section at about 9O"W, where occasionally values as low as 0.1 nM were observed in the oligotrophic upper water column (de Jong and de Baar, unpublished results). For other remote and oligotrophic oceans, one encounters deep-water dissolved Fe at concentrations between 0.6 and 0.7 nM for station "Papa" (Martin et al., 1989) and between 0.2 and 0.6 nM for the central North Pacific (Bruland et al., 1994) .
Another Fe source for the deep ocean basins is volcanic input. It is evident that the MidAtlantic Ridge experiences local episodes of volcanic activity. Dissolved Fe(I1) emanates in strongly reducing hydrothermal solutions (von Damm et al., 1985a,b; Hudson et al., 1986; Campbell et al., 1988) . However, upon mixing with ambient seawater, the immediate and massive precipitation of Fe-sulphides and oxyhydroxides (Edmond et al., 1979; Suter Bowers et al., 1985; Feely et al., 1991; German et al., 1991; Klinkhammer et al., 1994) leads to deposition of metalliferous sediments at the ridge crest. Hence very little dissolved Fe is discernible once the plume is a few miles away from the ridge axis source. Intense tectonic activity is evident from earthquake epicentres at the section across the Mid-Atlantic Ridge and American-Antarctic Ridge (Drumed et al., 1989-90) . Vertical profiles of dissolved Fe at two stations within 80 miles from each other show maxima of more than 4 nM dissolved Fe at the isopycnals 27.81-27.83 kg m-' at about 2000 m depth (Fig. 13) . This observation is supported by the profile of total dissolvable Fe at station 951 at 52"Ol'S, 06"01'W, which also shows an Fe maximum at the same isopycnal (Fig. 13) . Most remarkably these density surfaces tend to coincide with the ridge crest topography (not shown). It is tempting to attribute the Fe maxima to hydrothermal input derived directly from active sites (Fig. 1) . However, judging from the aforementioned rapid removal of Fe in plumes observed elsewhere (Edmond et al., 1979; Suter Bowers et al., 1985; Feely et al., 1991; German et al., 1991; Klinkhammer et al., 1994) , it is more likely that the here observed maxima are indirectly derived from hydrothermal sources, via the diagenetic mobilisation and current resuspension of metalliferous sediments into nepheloid layers.
DISCUSSION
Where Fe is conceivably a limiting factor of phytoplankton growth and concomitant drawdown of COZ from the atmosphere, the now documented high Fe concentrations in the Polar Frontal region provide more favourable conditions for spring diatom blooms. The size-fractionated primary production (Jochem et al., 1995) show that the -lo-fold higher rate of photosynthesis in the Polar Frontal region can be largely ascribed to the > 20 pm size class of large diatoms. The more favourable light conditions at the Polar Frontal region would affect all size classes of algae, but the smaller nanoplankton is rapidly consumed in the microbial foodweb (Detmer and Bathmann, 1997) , whereas the large diatoms apparently are favoured, both by an abundant supply of iron and by a virtual absence of larger grazers (Dubischar and . As a result, the chlorophyll a at transect 11 has a mean value of 1.33 pg dme3 in the upper 120 m of the Polar Frontal region, compared to 0.24 pg dm -' in the southern ACC branch . At the earlier transect 5 (not shown) these mean values were 0.74 pg dmp3 in the Polar Frontal region and 0.25 pug dmp3 in the southern ACC front . During these two transects, with a time difference of about 18 days, wind stress decreased while daylength increased, leading to an increase in surface water (upper 40 m) temperature of 1°C. The related decrease of vertical mixing depth (Jochem et al., 1993 , together with the increased insolation, are key factors for phytoplankton growth and have led to the spring diatom bloom in the Polar Frontal region. Thus iron supply may yield so-called "pulse areas" of biological productivity, provided there is a rare calm window for plankton growth in the stormy climate of the Antarctic.
The integrated decrease of Fe between these two transects may be due to natural variability in the eddy structure of an active frontal system, but otherwise is consistent with net uptake of iron by plankton particles. Based on two data points in the upper 120 m at each station, the net decrease was 0.73 nM in the Polar Frontal region compared to 0.18 nM in the southerly ACC branch waters. At 100 m depth in the Polar Frontal region, 0.5-2.0 nM Fe disappeared within about 18 days between these two transects.
Between 53" and 55"S, in the vicinity of the southern Front of the ACC, the concentration of dissolved Fe in the upper 150 m increased during the 18 days between transect 5 and 11, from 0.5 to 1.0 nM. This increase may explain the slightly elevated chlorophyll a content of 0.3 pg I-' (Bathmann et el., 1997). The latter is partly accounted for by the occurrence of diatom Nitzschiaprolongatoides at 54-55"s in section 11. This algae is known to live within or near the sea-ice, and its abundance in open waters would suggest a recent ice-edge melting in the region. This melting event may have given rise to the observed increase of Fe as well.
Recently, Perisinotto et al. (1992) reported in the vicinity of the Bouvet and South Sandwich Islands a chlorophyll a increase of 3-4 times over off-shore stations. In retrospect, one possible explanation is Fe input from the islands themselves and the surrounding shallow sediments. This is corroborated by recent observations downstream of the Galapagos plateau (Martin et al., 1994) . Iron enrichment experiments during our cruise (van Leeuwe et al., 1997; Scharek et al., 1997) also demonstrated that Fe stimulates primary productivity in Antarctic fronts.
The fact that natural Fe supply is adequate to sustain at least some primary production is now reported for many Antarctic regions and seasons: for the Weddell-Scotia Confluence frontal zone in late spring and summer (de Baar et al., Buma et al., 1991; Nolting et al., 1991) , for the ROSS Sea in summer (Martin et al., 1990b) when properly interpreted (Dugdale and Wilkerson, 1990; Banse, 1991) , and for the southern branch of the ACC where upwelling supply of dissolved iron is adequate for sustaining moderate levels of primary productivity in a recycling ecosystem of small plankton species. Here we have shown, from comparison of latter southern ACC waters with the Fe-enriched Polar Frontal region, that additional Fe is required for diatom blooms large enough to affect geochemical budgets and fluxes of CO2 (Bakker et al., 1997) and major nutrients nitrate, phosphate and silicate (Qutguiner et al., 1997) in surface waters (de Baar et al., 1995) . The large scale fluxes of major elements C, N, P and Si are a key issue in the Joint Global Ocean Flux Study. In the modern Antarctic Ocean these fluxes apparently are largely driven by light climate in combination with availability of iron, the latter factor hypothesised previously for ancient Antarctic oceans (Martin, 1990) . From these observations, it appears that modern Antarctic fronts and nearshore waters are sites of Fe-stimulated productivity, whereas previously natural Fe stimulation was deemed to be rather trivial (Martin and Fitzwater, 1988; Onderzoek (NWO) and a graduate student fellowship from NWO/GOA to the first author. This is NIOZ contribution number 3041.
